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I n any living system, control of water translocation is essential for survival. Being in close proximity to a non-aqueous envi-ronment this control is a fundamental property of our skin and it uses mechanisms that are complex, elegant, and unique in nature to achieve it. 
The skin preserves water through intercellular occlusion (water 
permeability barrier) and cellular humectancy (natural moisturizing 
factor or NMF). The mechanisms for producing the water perme-
abi lity barrier and NMF are not only complex but also susceptible to 
disturbance and perturbation. 
This review begins with an overview of the vast amount of work 
that has led to a greater understanding of the mechanisms of mois-
turization of the stratum corneum, including the nature of the water 
permeability barrier, and specifically examines the role of essential 
fatty acids, together with the role of NMF. The final parts of the 
review then examine the more recent knowledge on the biologic 
variation in barrier lipids (Variatiolls ill Stratum Comeum Lipids) and 
other constituents that affect stratum corneum structure and func-
tion, their variability, and particularly how they contribute to con-
trolling moisturization and desquamation (New Irlsights illto Desqua-
matioll and AbrlOrmal Desquamation: Comparisoll oj Ichthyoses and 
Xerosis) and finishes with a summary. 
OVERVIEW 
Stratum Corneum Structure Original histologic observations 
of the typical "basket weave" appearance of the stratum corneum 
did not do justice to a full appreciation of its many functions that we 
know of today. Over the past three to four decades the stratum 
corneum has been investigated by physical chemists, dermatolo-
gists, biologists, and more recently enzymologists. Initially consid-
ered to be a homogeneous film, the stratum corneum has now been 
shown to be a heterogenous structure composed of protein-enriched 
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Abbreviation: NMF, natural moisturizing factor; RXLI, recessive X-
linked ichthyosis. 
corneocytes embedded in a lipid matrix (see Fig 1). The main func-
tion of the epidermis is to produce the stratum corneum; a selec-
tively permeable outer layer that protects against water loss and 
chemical insult. However, as will become evident from this review, 
the barrier function of the stratum corneum is not its only function. 
The combination of the barrier properties of the stratum corneum 
and its inherent cellular humectant capabilities moisturize the stra-
tum corneum, which is important for maintaining the flexibility of 
the stratum corneum and its desquamation. The most characterized 
components of the stratum corneum are keratins, specialized cor-
neocyte envelope proteins, lipids, NMF, specialized adhesion struc-
tures (desmosomes), and enzymes. We will focus our attention on 
the last four components and discuss their relationship to stratum 
corneum moisturization. 
Barrier Lipids and the Role of Essential Fatty Acids General 
health is, in part, dependent on the nutritional balance of the diet 
involving proteins, carbohydrates, lipids (saturated and unsatu-
rated), vitamins, and minerals. The inter-relationship between gen-
eral health and skin health is reflected by the incidence of skin 
problems with nutritional deficiencies, e.g., scurvy, kwashiorkor, 
and pellagra. 
For many decades it has been known that the absence of lipids in 
the diet leads to unhealthy skin. In 1929 and 1930 Burr and Burr 
[1 ,2] showed that linoleic acid was an essential dietary requirement 
in animals. Much later observations [3 - 6] indicated that the absence 
of this essential fatty acid (EFA) from the diet results in a general 
deterioration of the health of the animal and, specifically, in the 
development of a scaly skin condition with concomitant increase in 
trans-epidermal water loss. 
However, it was not until the late 1970s that Prottey and Houts-
muller showed that the water permeability ofEFA-deficient skin of 
people [7] or animals [8] could be kept within normal ranges by 
direct topical application of linoleic acid or other EFA. Although 
topically applied linoleic acid rapidly reversed the cutaneous mani-
festations of EFA deficiencies [5 - 8], the way it achieved this was 
unknown. Potentially, the mechanism was postulated as the EFA 
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Figure 1. Schematic representation of the epidermis. 
acting as a simple structural component, or via conversion to prosta-
glandins. 
Although linoleic acid does have classical structural roles in, for 
example, phospholipids, the slight differences between, say, oleic 
and linoleic acid does not explain the huge differences in EFA defi-
ciencies when oleic acid replaces linoleic acid in phospholipids. The 
role ofEFAs in barrier function is also not via prostaglandin synthe-
sis, as the essential first step of conversion from linoleic acid to 
arachidonic acid does not occur in skin [8]. T he curing effect of 
linoleic.acid is also no~ inhibited by indomethacin, a powerful pros-
tagland1l1-synthetase 1I1hlbltor, and a similar benefit in reducing 
scaliness/water loss can be obtained using columbinic acid, which 
structurally carmot be converted to prostaglandins [9]. The specific 
role of EFAs was thus not via either of the mechanisms posulated at 
the time. 
Although early researchers recognized that the epidermis was 
more impermeable than the dermis, it was not until the early 1940s 
that the precise location of the barrier was thought to reside in the 
stratum corneum [10]. Twenty years later, using organic solvent 
extraction of the stratum corneum, Matoltsy et at [11] demonstrated 
that lipids played a critical role in barrier function. Middleton fur-
ther demonstrated [12] that lipids were also important in preventing 
the loss of NMF from inside the corneocytes. Thus, for a lipid 
component to have a key role in the formation or maintenance of 
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Figure 2. Chemical structures of acylglucosylceramide, ceramide 1, 
acylacid, and sphingosine. 
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Figure 3. Chemical structures of stratum corneum ceramides. 
the epidermal water permeability barrier it had to meet two criteria. 
It had to contain linoleic acid or a derivative and it had to be detect-
able in the region where the major barrier existed: the stratum 
corneum or more specifically the stratum compactum [13]. Elucida-
tion of the way in which linoleic acid and other essential fatty acids 
control the loss of water from the skin has only emerged during the 
last 10 years. 
.The detailed and pioneering work of Gray and colleagues in the 
ITI1d to l at~ 197?s was pivotal and catalytic in opening up the whole 
field of sk1l1 lipid research . Up to this point, most of the skin lipid 
resear~h had centered on phosph~lipids , which although rich in 
l1l10ieJc aCid cou ld not be 111volved 111 the water permeability barrier 
as they are almost totally absent from the stratum corneum. While 
Gray al~d co-workers we.re ide~tifying a number of glycolipids 
p.rese~1t I? skl1~ (14), and d !sc~venng a unique epidermal glycolipid 
nch 111 lin?letc aCid [15], US111g electron microscopic techniques, 
Elias and IllS co-workers [16 -18] were visualizing the bilayer nature 
of lipids in between the stratum corneum cells. 
Building on Gray's biochemical studies, two main research 
centers ~hen e1uc.idate~ the structures of the linoleate rich lipids 
present 111 the eptdermls. Bowser and co-workers determined un-
e~uivocally the structure [~9 ,20] of the unique epidermal glycoli-
pid, the acylglucosylceralTI1de, but proved that in itself it could not 
be a barrier lipid as it was absent from the stratum compactum [13] . 
Stmultaneously With Downing and Wertz's group [21- 26] at Iowa, 
Bo:vser e/ al [27] discovered a new class of structurally related cer-
amJdes, one of which was rich in linoleic acid and present in the 
stratum compactum (Ceramide 1 or acylceramide; Fig 2). Compar-
Ison of the structures of glucosylceramides suggested that they were 
precursors of related cerarnides with acylglucosylceramide being 
the precursor of Ceramide 1. Much later, in metabolic studies, this 
was shown to be true [28]. 
.Following on from this work, several other types of glucosylcera-
~Ides and ceramld~s were also discovered. In addition to the major 
li~oleoyl-nch speCles, five other chromatographically distinct cera-
ITI1de and glucosylceramide classes could be separated and isolated 
by thin-layer chromatography [23,29 - 31]. For the stratum cor-
neu~ ceramides these were named according to their polarity be-
~111nmg w~th the na~1e Ceramide 1 for the most non-polar and 
l1110lelc aCld - conta1l1111g species (Fig 3). These lipids consist of 
C W C22 sph il~gosin~ (trans-4-sphingenine), dihydrosphinogosine 
and phytosphl11ogosl11e (4-D-hydroxy sphingenine) bases ami dated 
to long chain fatty acids, which mayor may not be 0'- or w-hydrox-
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Figure 4. Hydroxylated variants of acylglucosylceramide (polyox-
yacylceramide). 
y lated and unsaturated. As mentioned, the (V-hydroxyl of Ceramide 
1 was further shown to be esterified to fatty acids, with linoleic acid 
as the major acid present, which also occurred for porcine Ceramide 
6a. The corresponding species in human stratum corneum, how-
ever, consisted of a phytosphingosine ceramide in which the base 
hydroxyl was further esterified to an a-hydroxy fatty acid [29]. 
More recently, Colarow [32] showed the presence of unsaturated 
fatty acids N-acy lated to human Ceramide 2, particularly linoleic 
acid , oleic acid, and a- together with )I-linolenic acids and Haman-
aka et af [33] showed that a major portion of the sphingoid base in 
human epidermis contains a trihydroxy-eicosphingosine. 
A lipid species called acyl acid, which appears to be the (V-esteri-
fied N-acyl fatty acid portion of Ceramide 1 (Fig 2), has been 
observed in the epidermis and stratum corneum [19,20,34]. Inter-
estingly, in sunburn peelings of human stratum corneum, acyl acid 
accounted for 2% of the total lipid, similar to the levels reported for 
Ceramide 1 in normal skin. In addition, free sphingoid basses (ap-
proximately 0.5% of the total extractable lipid) were shown to be 
present in human [35] together with pig epidermis [36]. The major-
ity was sphingosine and dihydrosphingosine with only traces of 
phytosphi.ngosine being ~resent. It is possibl~ that both of these 
lipid speCies could be derIved from hydrolySIS of Ceramlde 1 or 
acylglucosylceramides. Recently, ceramide-hydrolyzing enzymes 
have been identified in the stratum corneum [37]. Their roles, how-
ever, are uncertain. N evertheless, sphingosine may be involved in a 
stratum corneum - epidermis signaling function as it has been re-
ported to inhibit keratinocyte proliferation [38] . 
Other metabolites of Ceramide 1 also occur that are thought to be 
important in the formation and maintenance of the stratum cor-
neum permeability barrier. Nugteren and his team [20] identified a 
tri-hydroxy derivative (polyoxyacylceramide) of the linoleate-rich 
acylceramide in rat epidermis (Fig 4) that was thought to be impor-
tant for barrier function. The acylglucosylceramide, thus, appears to 
reside in the membrane coating granules, the contents of which are 
expelled into the intercellular space where they undergo conversion 
to the acyl ceramide and then to polyoxyacylceramide. This ill siw 
metabolic sequence enables the right molecule to be located in the 
right place at the right time. How the polyoxyacyl ceramide 
achieves a barrier function is still uncertain. The possibilities are that 
it strongly hydrogen bonds to water, induces a polymerization reac-
tion [20], or offers sufficient polarity to maintain the ordered inter-
cellu lar lamellar sheets [19] necessary for limiting water loss [18]. It 
is also interesting to note that the dietary inclusion of a cyclooxy-
genase/lipoxygenase inhibitor (eicosatetraynoic acid) [39,40] pre-
vents the formation of the polyoxy acyl ceramide and gives rise to an 
extremely dry, scaly skin [41] similar to that seen in EFA deficiency. 
However, other hydroxylated metabolites of linoleic acid (1 3-hy-
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droxyoctadecadienoic acid) are also essential for epidermal differen-
tiation [42]. 
In addition to the solvent extractable ceramides, a number of 
covalently bound lipids have been discovered [43,44]' These lipids 
were isolated from the stratum corneum by alkaJine hydrolysis fo l-
lowed by further solvent extraction. In human corneum, two (V-hy-
droxy fatty acid -containing ceramides were shown to be present 
(Cerami de A and Ceramide B) together with (V-hydroxy fatty acids 
and fatty acids. The fatty acid chain length distribution of the cova-
lently bound ceramides and the (V-hydroxy fatty acids were found to 
be similar to the fatty acid profile of the epidermal acylglucosylcera-
mide and stratum corneum Ceramide 1, containing very-long-
chain fatty acids of 30 carbon atoms or more, some of which are 
unsaturated, indicating their source. The major normal chain fatty 
acid species covalently attached to the corneocytes were shown to be 
palmitic, stearic, and oleic acid. Recently, cholesterol has also been 
reported to be covalently attached to the corneocyte envelope [45]. 
Regional cellular differences in other lipid species also occur. 
Decreases in cholesterol su lphate, phospholipid, and glucosylcera-
mide levels occur in the stratum disjunctum [46] and, of the total 
saponifiable fatty acids, 9% were of the very-long-chain type (C30 
chain length) in the stratum compactum, whereas these were absent 
from the stratum disjunctum layers [47] . Presumably the fatty acids 
were derived from Ceramide 1 and these results imply that Cera-
mide 1 is critical for the barrier function of the stratum compactum. 
Indeed Ceramide 1 is thought to playa major role in structuring 
stratum corneum lipids essential fo r barrier function [48]. Despite 
these compositional changes, the intercellular lipid lamellae in the 
stratum compactum and lower regions of the disjunctum, when 
viewed by electron microscopy, remain intact [48]. except in the 
very outermost layers of the stratum corneum [49,50]. These small 
changes in lipid species, however, may impart different physical 
properties to the stratum corneum lipids leading to regional differ-
ences in barrier or other functiona l properties. Bowser and White 
[51] isolated the stratum compactum and demonstrated that this 
region of the stratum corneum presents a major barrier to water 
permeation. It was suggested that the state of cohesion between the 
cells, tightly sandwiching the lipid lamellae, may be partly respon-
sible for its barrier performance, even though this region is only five 
cell layers thick. However, the lyotropic nature of the lipids found 
in these different tissue regions may also contribute to the perme-
ability differences [52]. Although other lipid species are present in 
the stratum corneum (small amounts of phospholipids, glucosylcer-
amides, and cholesterol sulphate), the major lipids are ceramides, 
cholesterol, and fatty acids. All of these contribute to the water 
permeability barrier of the stratum corneum and their individual 
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Figure 6. Comparison of amino acids ofNMF with 6laggrin. 
coworkers (for review see [53]) . The importance of the combination 
of these lipids for efficient barrier function, however, has only re-
cently been demonstrated [54]. It is also apparent that epidermal and 
stratum corneum lipids may also have roles other than barrier func-
tion. There is also some support that certain derivatives Inay be 
"Chalones" - feedback biochemicals produced in the stratum cor-
neum that are able to regulate basal cell division or early differentia-
tion events. 
Natural Moisturizing Factor It has been known for many years 
[55] that NMF is a mixture of amino acids, derivatives of amino 
acids, and specific salts. NMF is found exclusively in the stratum 
corneum cells and can make up to as much as 10% of the dry weight 
of the stratum corneum cells (corneocytes) . The role of the NMF 
lies in the fact that its constituent chemicals are highly water soluble 
and hygroscopic. NMF will, therefore, absorb atmospheric water 
(even at relative humidities as low as 50%) to the extent that it 
dissolves in its own absorbed water- it is, thus, a very efficient 
humectant. Biologically, the significance of this is that it allows the 
stratum corneum to maintain levels of liquid water even when its 
outermost layers are exposed to quite low humidities. 
The conventional view of the importance of this liquid water was 
that it plasticized the stratum corneum, keeping it resilient and 
preventing cracking and flaking due to mechanical stresses. To a 
degree this view still holds, but, as will be discussed in more detail 
later, we now know that specific hydrolytic enzymes, critically 
important to allowing separation of corneocytes from each other, 
only function in an aqueous or semi-aqueous environment. Thus, 
there is a biochemical need as well as a biophysical need for NMF 
and the consequences of NMF deficiency are reflected in the disrup-
tion of both of these functions . 
The importance ofNMF is clear and the correlation of its absence 
in disease states with concomitant stratum corneum abnormality is 
striking. In both psoriasis [56] and ichthyosis vulgaris [57] there is a 
virtual absence of NMF and the manifestation of this is severe 
cracking and flaking of the skin and failure of normal desquamation. 
There is also evidence of insufficiency of NMF in severe dry flaky 
skin conditions [58 - 60]. Many studies have measured NMF levels 
extracted from the skin surface by washing/extraction techniques. 
We developed a sequential tape-stripping procedure that allowed 
measurement of the concentration of NMF at different depths in 
the stratum corneum [59]. In healthy skin that has not been exposed 
to surfactants the N MF concentration is independent of depth (until 
the very deepest layers of the stratum corneum are reached; see 
below), but in normal skin exposed to normal soap washing much of 
the NMF was washed out from the superficial stratum corneum 
[59]. 
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Figure 5 shows typical depth-versus-concentration profiles, 
w hich indicate, first, that the level of NMF declines markedly 
towards the surface of the skin and, second, that there is a sign ificant 
age-related decline in the level ofNMF even, or in fact particularly, 
deep within the stratum corneum. Aged skin, therefore, has low 
NMF because of lower synthetic activities and not because of a 
greater leaching of NMF during cleansing. This age-related defi-
ciency in NMF production is, like most skin ageing symptoms, 
associated with actinic damage, as a similar trend is not found in arm 
skin not regu larly exposed to sunlight. 
T hese observations suggest that the inabili ty to produce NMF (or 
its loss from the superficial layers of the stratum corneum) might be 
a critical mechanism contributing to skin problems ranging from 
simple xerosis to severe psoriasis. It is important to understand the 
nature of the mechanism of NMF production so as to gain insight 
into the potential cause(s) of such conditions. 
A critical first step in discovering this mechanism came in a rela-
tively little known publication [61] describing the time course of 
appearance of radioactive pyroglutamate (PCA; a major component 
of the NMF) after injection of a radioactive amino acid (glutamic 
acid) in mice. The finding of a 2 - 3-d delay before the appearance of 
PCA suggested that there might be a sequence 
glutamic Acid ~ protein ~ NMF. 
Our laboratory performed further studies [62,63] that culminated in 
the discovery that a single protein in the epidermis was the sole 
source of all of the amino acid - derived components of the NMF. 
The most significant evidence supporting this theory is presented in 
Fig 6, which shows the remarkable similarity of the amino acid 
composition of this protein with that of the NMF. This correlation 
disproved the idea that NMF was some sort of residue from un-
needed proteins - the "dust bin hypothesis." Further support for 
the specific and programmed nature of the production of NMF 
came from the observation that several of the free amino acids pro-
duced from the protein degradation are specifically enzymically 
modified to produce functiona l molecules. G lutamine is converted 
to pyrrolidone carboxylic acid, a potent humectant [64], whereas 
histidine is converted to urocanic acid, which was first considered an 
important UV absorber [65] and is now implicated in immune sup-
pression [66]. 
This unique NMF precursor protein was further characterized 
and proved to be very unusual. Its molecular weight approached 500 
kDa; it was highly phosphorylated and extremely susceptible to 
breakdown during extraction procedures. The protein had, in fact, 
been studied in a variety of partially degraded forms by several 
groups [67 - 71]. The protein proved to be located in the keratohya-
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lin granules of the epidermis and to undergo a species-specific de-
phosphorylation and proteolytic processing as the granular cell 
made the transition into a corneocyte cell [72,73). The resulting 
mixture of highly basic proteins proved to be identical to proteins 
that had been independently discovered as being necessary in giving 
the correct formation and macrostructure of the keratin microfibrils 
in the stratum corneum-the so-called keratin matrix proteins [74]. 
The term filaggrin (filament aggregating protei,,) was coined for 
these proteins [75] and the high-molecular-weight precursor was 
named profilaggrin. Although during the past few years, the gene 
for profilaggrin has been sequenced and a great deal is now known 
about the structure and the control of its expression, the precise 
nature and control of the phosphatases and proteases involved in its 
processing to the mature filaggrin protein remain to be fully eluci-
dated. Nevertheless, recent evidence that profi laggrin has a cal-
cium-binding domain [76] and that a certain stage of its processing is 
a calcium-dependent event [77] suggests that this protein may playa 
crucial role in coordinating the calcium-dependent events of termi-
nal differentiation. 
The role of filaggrin (summarized in Fig 7) does not, however, 
conclude with its interaction with keratins to form the fiber/matrix 
composite seen in the lower stratum corneum. Both radiolabel pulse 
chase [62] and immunohistochemical [78,79] studies have shown 
that filaggrin does not persist beyond the lower layers of the stratum 
corneum. Approximately 2 - 3 d after its formation from profilag-
grin, filaggrin, having been further enzymically modified by pepti-
dyl deiminase, to reduce its interaction with keratin [73], is abruptly 
and completely proteolyzed and certain of its constituent amino 
acids further metabolized [80-82] to form the NMF. It has only 
been in recent years that the control of this final process has been 
investigated. It has proved to be a fine example of elegant biologic 
control. 
The skin faces a genuine dilemma in producing NMF. To be 
effective, a relatively large amount has to be present inside the 
corneocyte to absorb sufficient water in the rather dry condition of 
the outer stratum corneum. Such a high concentration of low-
molecular-weight species would, however, have serious conse-
quences for a cell deeper within the epidermis as it is exposed to an 
aqueous enviro~ment. The res~lting osmotic pressure wo~ld result 
in large quantities of water belI1g taken up and the cell disrupted. 
The skin avoids the osmotic implications of producing NMF in its 
viable, water-rich cells by using an osmotically inactive protein 
precursor, profilaggrin. 
The stage at which filaggrin is converted to NMF appears to be 
just after the epidermal water permeability barrier has been formed 
within the stratum compactum (lowermost part of the stratum cor-
neum). This avoids the cells being exposed to a water activity ap-
proaching 1.0 (the thermodynamic activity of pure water), which 
would produce an osmotic pressure of several hundred pounds per 
square inch. The skin must, therefore, not activate its protease sys-
tems until the corneocyte has moved far enough out into the dryer 
areas of the stratum corneum to be able to handle the osmotic effects 
of the NMF. Another way of looking at this is that the corneocyte 
must not produce the NMF until it really needs it to prevent loss of 
its liquid water from its outermost layers, thus maintaining a degree 
of suppleness for this region and enabling desquamatory enzymes to 
function in a semi-aqueous environment. 
However, a key piece of understanding was still required. The 
environment of our skin is not constant-variable humidity, wind, 
sun exposure, etc. The skin, therefore, has to be able to control 
NMF levels, a problem it has solved by linking the activities of its 
filaggrin-degrading systems to the water activity in the corneocyte. 
In vitro experiments [79] on isolated stratum corneum containing 
freshly synthesized filaggrin show that conversion of filaggrin to 
NMF only occurs between water activities of 0.7 and 0.95. At 
higher water activities filaggrin is stable; at lower water activities 
the whole tissue is too dry to allow hydrolytic enzymes to operate. 
In vivo experiments show the consequences of this. If the skin is 
occluded for a long period [59] filaggrin conversion to NMF is 
blocked and the NMF level of the stratum corneum falls close to 
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zero. Immunohistochemical examination of the stratum corneum 
in this state shows that all cells at all levels in the corneum are filled 
with unconverted filaggrin. Removal of the occlusion results in a 
rapid conversion of filaggrin to NMF in all but the innermost, most 
hydrated, layers of the stratum corneum. 
The stratum corneum has thus developed an elegant process for 
adjusting itself to the environmental conditions to which it is ex-
posed so that it is optimally moisturized. As yet, the molecular and 
enzymatic nature of the system by which it achieves this water 
activity-dependent control has not been elucidated and remains 
one of the more challenging questions in understanding the once 
apparently simple structure of the stratum corneum. 
VARIATIONS IN STRATUM CORNEUM LIPIDS 
As already described, stratum corneum lipids are not only essential 
for the water barrier of the skin they also help to retain NMF within 
corneocytes to allow maximummoisturization of the outer layers of 
the stratum corneum. As will be discussed later they also influence 
the activity of certain enzymes within the tissue important for stra-
tum corneum maturation and desquamation. Variations in the levels 
and types of lipids present in the stratum corneum, therefore, can 
influence stratum corneum barrier function, water content, and skin 
condition. This section of the review will outline the recent knowl-
edge of the biologic variation in stratum corneum lipids in human 
skin. 
Stratum corneum lipids are known to be influenced by genetic 
variation, ageing, dietary influences, seasonal effects, and environ-
mental factors. These variables usually lead to reductions in the 
levels of stratum corneum lipids and pre-dispose to severe dry skin 
conditions. For instance, changes in the levels of stratum corneum 
lipids are associated with several hereditary disorders (for review see 
[83]). The most well described condition is recessive X-linked ich-
thyosis (RXLI) in which there is a specific abnormality in sterol 
metabolism [83). In contrast to the other ichthyotic states, subjects 
with RXLI show excess ively high levels of cholesterol sulphate in 
the stratum corneum due to a deficiency of the enzyme steroid 
sulphatase. Although the stratum corneum lipid profiles in other 
ichthyotic diseases have not been fully determined, reduced levels 
of sphingosine have been found in a variety of subjects with vari-
ous ichthyoses [84]. This could lead directly to cellular hyperpro-
liferation in these conditions as sphingosine has been proposed 
to feedback to the epidermis and down-regulate keratinocyte turn-
over [85]. 
Recently the biochemical analysis of stratum corneum of subjects 
with psoriasis has been performed [86]. Whereas cholesterol levels 
were raised, fatty acids and ceramides, particularly ceramide sub-
types 4, 5, and 6, were decreased. It has also been reported that the 
composition of their covalently-bound lipids differ compared with 
healthy stratum corneum [87) . Decreases in the levels of Ceramide 
B and increases in the w-hydroxy fatty acids together with free fatty 
acids, particularly the levels of covalently-bound oleate and lino-
leate, have been reported in the corneocytes of psoriatic subjects. 
Atopic dermatitis is also associated with abnormalities in stratum 
corneum lipids and barrier function. Analysis of ceramides in these 
subjects was initially performed by the careful work ofImokawa and 
team [88]. Other investigators have now confirmed this [89] and 
more recently it has been demonstrated that these subjects have 
particularly low levels of Ceramide 1 linoleate [90]. Thus, a reduc-
tion in barrier lipids, particularly Ceramidc 1 linoleate, could ac-
count for the abnormalities in stratum corneum function of these 
subjects. Abnormalities in lamellar granule structure have been 
shown in atopic individuals [91] , which could be directly due to a 
reduction in linoleoyl-acylglucosyl ceramide. Alternatively, how-
ever, modified epidermal differentiation may be the underlying 
problem as this molecule has been shown to influence corneocyte 
envelope formation ill vitro [92] . 
The relationships between stratum corneum lipids and different 
racial groups are still poorly understood. Comparing stratum cor-
neum lipids in several racial groups, Sugino et al [93] recently re-
ported that stratum corneum ceramide levels were lowest in African 
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Americans compared with other racial types. This could imply this 
particular ethnic group is more susceptible to stratum corneum 
problems. 
It is widely experienced that as we age we suffer from more skin 
problems. Although the skin problems arise from many factors, 
age-related reductions in the levels of stratum corneum lipids have 
been shown in Japanese stratum corneum, particularly in the levels 
of ceramides and fatty acids by Imokawa and group [88]. These 
changes are probably related to poor differentiation rather than lipid 
extraction as a reduction in the number of epidermal lamellar gran-
ules occurs with advancing age. Ceramide subtypes have also been 
reported to change with age in Japanese women [94]. Surprisingly, 
increases in Ceramides 1 and 2 but decreases in Ceramides 3 and 6 
were found going from pre-puberty to adulthood. These changes 
were not seen in men. In Caucasian populations, however, it was 
reported by Leveque and team [95] that, with increasing age, leg 
stratum corneum was selectively depleted of sterol esters and tri-
glycerides but not ceramides. More recently, measuring mass levels 
of lipids, Rawlings et at have shown that all stratum corneum lipid 
levels diminished with increasing age on the face, leg, and hand skin 
of Caucasians [96,97] . However, the relative levels of the ceramide 
subtypes did not change. Thus, at least for Caucasian and Japanese 
populations, stratum corneum lipids appear to be reduced with age-
ing. These changes are expected for other racial groups. The likely 
cause of age-related decline in lipid levels is probably due to the 
reduced epidermal lipid biosynthesis capabilities recently reported 
by Ghadially et af [98] in murine epidermis. 
It is also well known that skin condition deteriorates in cold, dry 
weather. Yet, despite this, there have been vety few studies examin-
ing the seasonal influences on stratum corneum lipids. One study 
has shown a general decrease in epidermal cerebrosides in winter 
compared with summer [99]. More recently, Rawlings and co-
workers have analyzed stratum corneum lipids from the face, hand, 
and leg skin of female Caucasians in the winter, summer, and spring 
months of the year [96]. Like the effects of aging, decreases in all 
major lipid classes were seen on all body sites during the winter 
months of the year. Although the levels of ceramide subtypes were 
unchanged, the amounts of linoleate esterified to Ceramide 1 were 
reduced. 
It is apparent from these studies that many factors influence the 
levels and types of stratum corneum lipids and it is possible that a 
reduction in stratum corneum lipids leads directly to poor skin con-
dition. For instance, lower levels of stratum corneum lipids will be 
more susceptible to extraction (e.g., washing) or perturbation of 
their structural organization that could lead to abnormalities in 
stratum corneum function and overall skin condition. Yet despite its 
prevalence, winter xerosis is still poorly understood. Nevertheless, a 
picture is emerging that lipids influence the expression of this com-
mon problem. Lifids are easily extracted from the stratum corneum 
by so lvents [100 and surfactants [101] leading to their depletion 
from the intercellular spaces of the stratum corneum. In acute treat-
ment studies, this extraction leads to changes in the relative amounts 
of the different lipid species in the outer layers of the skin due to 
selective lipids being removed. During chronic treatments, how-
ever, differences in stratum corneum lipid composition, but not 
total lipid levels, have been reported [102,103]. In these studies 
increases in free cholesterol, Ceramide subtypes 2 and 4, were ob-
served, whereas cholesterol esters, long-chain fatty acids, and Cera-
mide 3 all decreased in concentration. More recently, similar 
changes in stratum corneum ceramide profiles have been reported in 
other experimentally-induced scaly skin, such as via tape stripping 
and surfactant treatment, indicating that the changes in lipid com-
position are related to changes in epidermal lipid biosynthesis rather 
than lipid extraction. In contrast to these studies, the total levels of 
stratum corneum ceramides are decreased and the levels of fatty 
acids are increased [104] in winter xerosis [49,50] and, unlike RXLI, 
cholesterol sulphate levels are normal. 
Thus, stratum corneum lipids show marked biologic variation. As 
lipids influence the permeability barrier to water and NMF loss 
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Figure 8. Schematic of stratum corneum showing events leading to 
desquamation. 
together with the mechanical and desquamatoty properties of the 
stratum corneum, changes in their levels or composition can lead to 
disturbances in stratum corneum functioning. 
NEW INSIGHTS INTO DESQUAMATION 
Terminal differentiation of the epidermis eventually leads to des-
quamation, a process in which corneocytes are lost invisibly from 
the surface of the stratum corneum [105]. Mechanistically this pro-
cess is poorly understood. However, the enzymatic degradation of 
inter-corneocyte linking structures, or a reduction in inter-corneo-
cyte binding forces, must occur to allow for cell shedding. For many 
years, lipids [106] have been considered as cohesive structures 
within the stratum corneum but there is now growing evidence that 
other structures are also involved; namely, lectins and particularly 
desmosomes. 
Direct evidence for stratum corneum lipids being involved in cell 
cohesion has been provided by corneocyte reaggregation studies ill 
vitro. Numerous workers have reaggregated previously dispersed 
corneocytes in the presence of stratum corneum lipids and found the 
physical properties of the reconstituted stratum corneum lipid-cell 
films to be simi lar to the intact tissue [107,108]. However, Chap-
man e/ al [109] suggested lipids actually may have an anti-cohesive 
role preventing close opposition of adjacent corneocytes. In these 
studies, when stratum corneum lipids were completely extracted, 
the inter-corneocyte forces were dramatically increased and stratum 
corneum cells became tightly opposed. C lose apposition of corneo-
cytes occurs in both normal and abnormal stratum corneum [110]. 
Taken together these observations indicate that both the intercellu-
lar and covalently-bound lipids may have a role in stratum corneum 
integrity. A specific intercellular lipid thought to be involved in 
stratum corneum cell cohesion is cholesterol sulphate [83]. These 
findings indicate that lipid interactions must be reduced prior to 
desquamation. In fact, using electron microscope techniques, Elias 
et af [47 ,111] have demonstrated changes in the structure of stratum 
corneum lipids during stratum corneum maturation and, more re-
cently, Rawlings et af have shown that the classical lipid bilayer 
structures seen in the lower layers of the stratum corneum disappear 
in the outer layers [49,50]. These observations are supported by the 
findings of others demonstrating more fluid lipids in the peripheral 
layers of the stratum corneum using spectroscopic techniques indi-
cating that disruption of stratum corneum lipids is occurring in the 
outer layers of the stratum corneum. It is not yet clear how this 
occurs. Ceramides, particularly Ceramide 1, may be hydrolyzed by 
ceramidases [38,112] or surfactant-like sebaceous fatty acids may 
lead to bilayer disruption. However, lipid bilayers are reported to be 
present in desquamated epidermal cyst corneocytes [113]. The ef-
fect of the covalently bound lipid fraction in desquamation is not yet 
known. 
Cell-surface glycoproteins have also been implicated in stratum 
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Figure 9. Schematic of stratum corneum showing abbe ration of 
lipid and desmosome structure and degradation in xerosis. 
corneum cell cohesion [114]. One specific glycoprotein lectin, des-
quamin [115,116] , a 40-kDa glycoprotein resistant to proteolytic 
degradation [117] and localized to the corneocyte envelope, was 
shown to be an endogenous stratum corneum lectin that has speci-
ficity for amino sugars. Antibodies directed against desquamin pre-
vented the reaggregation of dispersed corneocytes ill vitro, indicat-
ing a potential cohesive role for this molecule. It is highly likely that 
desquamin will not only playa role in intercorneocyte cohesion at 
the desmosomal linkages but also in lipid-depleted zones. 
Due to the reports of extensive desmosomal degradation in the 
mid to outer regions of the stratum corneum [118,119], early inves-
tigators largely ignored the involvement of desmosomes in cell 
cohesion and desquamation. However, there is now mounting evi-
dence that desmosomes persist into the outer layers of the stratum 
corneum before their final degradation in the surface layers. Several 
investigators have now found that desmosomes, or their Inarker 
proteins, are gradually degraded towards the surface of the stratum 
corneum [49,50,111,119-121] . 
It is clear from these studies that stratum corneum lipids and 
desmosomes are being degraded by enzymes in preparation for des-
quamation (summarized in Fig 8). Phospholipases and glucosylcer-
ebrosidases hydrolyze their respective target lipids, allowing stra-
tum corneum maturation [47] . However, only the degradation of 
cholesterol sulphate has been specifically linked with the loss of 
surface corneocytes and desquamation [122] . Serine proteases have 
also been implicated in the process of the proteolytic degradation of 
desmosomes, especially chymotrypsin-like [123 - 126] and possibly 
trypsin-like proteases [127]. One enzyme in particular, the stratum 
corneum chymotryptic enzyme (SCCE) , [126] has been proposed as 
a desquamatory protease due to its inhibition profile being similar to 
that of desmosomal and Desmoglein 1 (a major desmosomal glyco-
protein) degradation together with cell loss ill vitro [123-126] . 
There is also some evidence indicating that the desmosomal glyco-
proteins must be deglycosylated before efficient proteolysis can pro-
ceed [128 - 129]. As the stratum corneum desquamatory enzymes 
are believed to be extracellular [130), the enzymes mediate their 
action in a lipid matrix. Stratum corneum lipid-phase behavior, 
therefore, will influence enzymatic activity. Cholesterol su lphate 
may indirectly influence protease activity by influencing the type of 
lipid phases present within the stratum corneum or by direct inhibi-
tion of the desquamatory enzymes as proposed by Williams [83]. 
Similar to the enzymes involved in fil aggrin degradation, the stra-
tum corneum desquamatory enzymes are probably also influenced 
by environmental humidities. Recently, we have shown that des-
mosomal degradation , and therefore the desquamatory enzymes, 
are inhibited at low environmental humidities [131). This findin g 
indicates that the maintenance of the water content of the stratum 
corneum is vital for the normal orderly process of cell loss from the 
surface of the skin. Stratum corneum lipids and NMFs will both 
play a role in achieving this. 
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ABNORMAL DESQUAMATION: COMPARISON OF 
ICHTHYOSES AND XEROSIS 
The ichthyoses and xerosis are clear examples of abnormal processes 
of desquamatIon. Here the accumulation of visible scales or corneo-
cyte clumps occurs on the surface of the skin. Although the precise 
causes of skin xerosis are likely to be multifactorial [132], the result-
ant scaling is probably a consequence of perturbed degradation of 
the corneocyte cohesive elements leading to aberrant desquamation. 
However, the relative contribution of changes in the composition 
and levels of lipids, lectins, and desmosomes to the disordered des-
quamatory process is poorly understood . N evertheless, it is becom-
ing apparent that a lack of desmosome degradation is common to all 
these disorders. Several investigators [133 - 135] have now shown 
t~1at defects in desmosome catabolism occur in ichthyotic condi-
tIOns, whIch directly leads to scaling and the accumulation of cor-
neocyte clumps on the surface of the skin. Desmosome retention 
a l~o oc~urs in the surface layers of the stratum corneum in subjects 
WIth WlI1ter xerosIs [49,50] . In this respect, winter xerosis has been 
shown to share similarities to these genetic, hyperkeratotic and 
scaling disorders. ' 
In paral.leI w!th the effects on desmosome degradation, structural 
abnormalttles 111 stratum corneum lipid lamellae also occurs in 
wint~r xerosis and ichthyosis. Abnormalities in lipid structure are 
seen 111 the outer layers of the stratum corneum in winter xerosis 
(summarized in Fig 9) [49 ,50]. In contrast, abnormalities in lipid 
ultrastructure ~re seen throughout all the cellular layers of the stra-
tum corneu.m 111 autosoma l recessive ichthyosis [133]. The former 
probably ames as a result of superficial damage to the stratum cor-
neum and the latter from aberrations in differentiation. Although 
desmosomes largely. lI1fluence . corneocyte cohesion [109,136] , 
changes 111 . the phYSical properties of the stratum corneum lipids 
may als~ 1I1fluence mter-corneocyte cohesivity properties and 
th~reby ll1f1uence desquamatIOn. However, the precise relation-
ships of these structural changes in lipid architecture and faulty 
desquamation remain to be determined. N evertheless, two mecha-
nisms are most likely operating. 
In win.ter xerosis the lipid stru~tura l abnormalities probably lead 
to defectl~e desmosome degradatIOn and aberrant desquamation by 
adversely 1I1fluencUlg the activities of hydrolases already present in 
the stratum ~orneum [47 ,123 - 130]. Desmosomal degradation is 
known to be 1I1fluenced by changes in water content of the stratum 
corneum [131] . [,1 vivo, changes in stratum corneum water content 
may occur as a result of the changes in stratum corneum lipid struc-
ture ~nd loss of NMF, which may then affect enzyme activities as 
descnb~d abo~e: Enzyme activity may also be reduced by phase 
sepa~at1o~ of. hp~ds tnduced by the changes in lipid composition or 
by direct 11llubltion of the enzymes . The imbalance in the levels of 
ceramides and fatty acids may be the true problem in winter xerosis 
[49,50]. Fatty acids pertur~ lipid membranes [137] and may explain 
the structural abnormalities seen 111 these subjects. Although still 
co~ectural, these changes may then lead to reduced activity of the 
desquamatory enzymes. 
Although not excluding the changes in lipid-phase behavior in 
the ichthyotic conditions that may affect enzyme activities as de-
scribed above, reduced desmosome hydrolysis may also occur from 
the defective delivery of lamellar granule derived desquamatory 
enzymes as has been proposed by Menon et af [138]. In some cases a 
total deficiency of desquamatory enzymes may occur as in the case 
of RXLI. The genetic variation in the putative desquamatory pro-
tease types and levels is still not known but as enzymes playa key 
role 11l the desquamatory process, several investigators are currently 
trying to establish their contribution to xerosis and ichthyosis. 
CONCLUDING REMARKS 
The complexity of the stratum corneum has unfolded over several 
decades. Originally thou ght to be several layers of dead cells, it is 
now considered to be a highl y heterogeneous and elegant structure 
whose main role is to protect terrestrial animals from desiccation 
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and environmental challenge. Over a decade ago, Peter Elias [106] 
proposed a heterogeneous, two-compartment, "bricks and mortar" 
model, in which the "bricks" are the corneocytes and the "mortar" 
is specialized lipids. This model now requires some modifications as 
a result of considerable ongoing research from six main laboratories, 
including our own, to take into account the importance of stratum 
corneum moisturization. Osmotically active chemicals present 
within the corneocytes allow the "bricks" to act as "sponges" and 
swell , the network of bricks has its structure reinforced by desmo-
somes, and a variety of enzyme systems are present that are activated 
during different stages of stratum corneum maturation. 
It is now clear that the stratum corneum undergoes a series of 
alterations during its journey from the lower layers of the stratum 
compactum to the outer layers of the stratum disjunctum, with each 
modification contributing to the overall properties of the stratum 
corneum. It is now known that these modifications are important 
for the three main functions of the stratum corneum: its barrier, 
mechanical, and desquamatory properties [139] but as this review 
has pointed out these functions are dependent on specific biochemi-
cal transformations. The barrier properties of the stratum corneum 
are highly dependent upon the levels and types of lipids within the 
stratum corneum but superimposed upon this lipid barrier is its 
tortuous structure, which also contributes to permeability proper-
ties [140]. Changes in lipid composition also lead to changes in the 
properties of lipids within the stratum compactum and stratum dis-
junctum, which may influence the barrier properties of these two 
tissue regions. However, the tightly coherent layers of the stratum 
compactum, due to the presence oflarge numbers of non-peripheral 
desmosomes, certainly contributes to structuring this region prop-
erly. In addition, one should not ignore the influence of corneocyte 
size, which enlarges with age [141] and during the winter months 
[142] and probably influences the barrier properties of the stratum 
corneum. 
The barrier properties of the stratum corneum also influence the 
mechanical properties of the stratum corneum. However, a factor 
largely ignored in this function is the NMF. Without the NMF, 
moisturization of the stratum corneum would not occur effectively 
in the outer layers of the stratum corneum, which could lead to its 
mechanical failure, e.g., cracking. Stratum corneum lipids, particu-
larly the covalently-bound lipids, probably help to retain the NMF 
within the corneocytes and potentiate its moisturization capabili-
ties. Although not greatly appreciated, effective moisturization of 
the stratum corneum also helps to maintain the barrier of the stra-
tum corneum. We have recently shown that stratum corneum lipids 
become ruptured during mechanical extension of the stratum cor-
neum leading to barrier dysfunction [136] . This structural abnor-
mality occurs more readily when the stratum corneum is dehy-
drated. 
The replacement of damaged cells from the surface of the skin 
with fresh undamaged corneocytes is a mechanism that ensures 
continual protection of the epidermis. The desquamation process is 
now known to involve the degradation of surface lipid and protein 
species in the stratum corneum by lipases, glycosidases, and pro-
teases. Like the enzymes involved in filaggrin degradation, the hy-
drolases involved in desmosome degradation (and probably lipid 
degradation) are clearly dependent upon water for their activity. 
However, water activity within the stratum corneum is dependent 
upon the NMF and lipids, factors that, as this review has tried to 
point out, are influenced by many events. When adversely in-
fluenced, insufficient stratum corneum moisturization and water 
content leads to defective desquamation. 
Many skin-care companies are now exploiting this knowledge 
using specialized lipids and hygroscopic substances to affect stratum 
corneum moisturization for the treatment of scaling disorders [143]. 
It is interesting in this respect that ingredients in skin-care products 
such as polyols (e.g., glycerol) not only act to improve stratum 
corneum flexibility and prevent lipid crystallinity [144], they also 
improve the rate of desmosome hydrolysis probably through a com-
bination of occlusivity, humectancy, and lipid-phase modulating 
properties. 
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Undoubtedly, the molecular control mechanisms of desquama-
tion, desmosome, and lipid hydrolysis together with filaggrin deg-
radation will be elucidated over the coming years, but we know that 
these will be intimately associated with the water activity of the 
stratum corneum. Little did Irvin Blank [145] suspect, when he 
pointed out over four decades ago that water was important for 
stratum corneum moisturization and plasticization, that the mecha-
nisms for water retention would be as complex and interlinked as 
they are proving to be, and that water activity control would also 
turn out to be vital for specific enzyme reactions allowing optimal 
stratum corneum maturation and function. 
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